Numerical simulations for the blood flow are carried out to investigate the effect of the flexible artery wall on the flow field and to determine the wall shear stresses in the carotid artery wall. To solve the equation of motion for the structure in typical fluid-structure interaction (FSI) problems, it is necessary to calculate the fluid force on the surface of the structure explicitly. To avoid complexity due to the necessity of additional mechanical constraints, we use the combined formulation including both the fluid and structure equations of motion into a single coupled variational equation. The Navier-Stokes equations for fluid flow are solved using a P2P1 Galerkin finite element method (FEM) and mesh movement is achieved using arbitrary Lagrangian-Eulerian (ALE) formulation. The Newmark method is employed to solve the dynamic equilibrium equations for linear elastic solid mechanics. The time-dependent, three-dimensional, incompressible flows of Newtonian fluids constrained in the flexible wall are analyzed. The study shows strongly skewed axial velocity and flow separation in the internal carotid artery (ICA). Flow separation results in locally low wall shear stress. Further, strong secondary motion in the ICA is observed.
Introduction
It is well known that atherosclerotic plaque tends to generate and develop in carotid artery sinus. Localized atherosclerotic lesions are associated with low wall shear stress regions [1] and many researches account for the cause of atherosclerosis. Bharadvaj et al. [2, 3] developed a standard geometry using 57 actual geometries and studied the flow characteristics of steady state flow in the carotid bifurcation. Perktold et al. computed the flow in different carotid bifurcation geometries [4] and considered non-Newtonian fluid properties [5] . Also, Pulsatile flow in a 3D flexible carotid bifurcation is simulated using a pressure correction finite element method [6] , and the velocity profiles and the wall shear stress distributions are compared with the experimental results from Ku et al. [7] .
For better descriptions of the flow in carotid bifurcation, more realistic approaches are required. Recently, multidimensional 3D-1D model of the whole arterial tree has been developed for more realistic boundary waveforms [8] . The model includes a 3D finite element model for carotid bifurcation coupled with a simple 1D model for the rest of the arterial tree, and good agreement between the results of 3D-1D combined model and a pure 1D model was obtained. Kim et al. [9] studied gravitational effect on wall shear stress distribution in carotid bifurcation and cerebral arteries and observed that gravitational effect has a significant influence on the arterial deformation. The flow field in the vessel would be highly influenced by the properties of the vessel wall. Thus, the flexibility of the vessel wall is one important factor for the flow fields in carotid bifurcation.
The fluid-structure interaction problem is usually solved in a partitioned way [10] [11] [12] . The FSI problems are solved sequentially in a partitioned way, and the displacement and traction at the fluid-structure interface have to be calculated. On the other hand, a monolithic approach used in the present study is relatively simple so that both fluid and structure equations are formulated using velocity variables [13, 14] . As velocity variables are shared, kinematic constraint is automatically satisfied. In the present study, flow characteristics in carotid bifurcation are analyzed in a monolithic FSI approach.
Numerical methods
For monolithic approach of fluid-structure interaction problems, incompressible Navier-Stokes equations are adopted in Lagrangian form for structure. Incompressible Navier-Stokes equations in arbitrary Lagrangian-Eulerian form are as follows: , σ and f denote density, displacement, stress tensor of structure and volume forces, respectively.
Spatial discretization
P2/P1 finite elements are used to discretize governing equations, and their weak forms are as follows:
where q and w are weight functions for the continuity and momentum equations, which are of first and second order, respectively. Pressure variables are defined only on the vertexes, and velocity variables are defined on all vertexes and midpoints. To stabilize the equations for high Reynolds number flows, streamline upwind/Petrov-Galerkin method [15] is applied to the convection term of fluid equations. The modified weight function for the convection term is as follows:
γ is cell Peclet number and h e is the element characteristic length.
Temporal discretization
To discretize the governing equations in time, Generalized-α method is used [16] . Quantities related to the time derivative of primary unknowns are evaluated at the generalized midpoint α m , while unknowns themselves are evaluated at the generalized midpoint α f , as follows: 
